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Glucose uptake in skeletal muscle cells is regulated by three known pathways: 1) insulin-mediated cell signaling; 2) contraction-mediated cell signaling; and 3) nitric oxide (NO)-mediated cell signaling. Insulin-mediated glucose uptake, which is impaired with AGT, and contraction-mediated glucose uptake (preserved in AGT) have been well characterized. The NO-mediated pathway increases glucose uptake through a mechanism that is distinct from these pathways. NO donors significantly increase skeletal muscle glucose uptake in the presence of wortmannin, a PI3K inhibitor, indicating that the NO signaling pathway is distinct from the insulin/PI3K-dependent mechanism (16) . Furthermore, although the contractionand NO-mediated glucose uptake pathways overlap downstream of AMPK, L-NAME, a nitric oxide synthase inhibitor, does not abolish contraction-mediated glucose uptake and NO donors have an additive effect on glucose uptake in contracting isolated skeletal muscle (16) . NO has been shown to increase GLUT-4 protein expression (22) and GLUT-4 translocation to the cell membrane via a cyclic guanosine monophosphate (cGMP) and AMPK-dependent mechanism (16) . Importantly, Solomon et al. (33) recently showed that increasing severity of glucose intolerance was associated with progressive declines in plasma NOx concentrations, capillary density, capillaries per fiber, and the number of capillary contacts per muscle fiber. Therefore, therapies that target not only NO bioavailability, but also capillary density, may be effective treatment strategies for AGT.
EECP is a noninvasive FDA approved therapy that reduces angina episodes and nitrate usage in patients with coronary artery disease (CAD) who experience refractory angina despite aggressive pharmacotherapy and revascularization (3, 36) . EECP involves sequential inflation (ϳ300 mmHg) during cardiac diastole of three pneumatic EECP cuffs from the calves to buttocks. The compressive cuffs create blood flow patterns in the femoral (retrograde) and brachial (antegrade) arteries that acutely increase shear rate (40) . Previously, we and others demonstrated that external compression upregulates NO bioavailability and improves endothelial-dependent flow-mediated dilation (FMD) in muscular conduit arteries (5, 24) .
The possible clinical benefits of EECP in subjects with AGT are unknown. We hypothesized that EECP treatment would elicit changes in arterial function and NO bioavailability in subjects with non-insulin dependent AGT similar to those observed in CAD patients. We further hypothesized that EECP treatment would improve measures of fasting glucose and insulin concentrations and glucose tolerance. To test our hypothesis we examined potential mechanisms for proposed improvement in glycemic control and glucose tolerance, including cellular signaling, skeletal muscle protein expression, and capillary density.
METHODS
Subjects. Eighteen (n ϭ 18) subjects with non-insulin dependent AGT were recruited from the local community by advertisement. AGT was defined as the presence a plasma glucose concentration of Ͼ140 mg/d. after a 2-h oral glucose tolerance test as determined through screening. Subjects were randomized in a 2:1 manner into either an EECP treatment group or a control group. Unequal randomization was used to improve the precision of the treatment effect. This design requires more subjects to achieve the same power as would be necessary with a 1:1 randomization and therefore does not bias the study. Laboratory testing was performed at study entry and after 35 1-h EECP sessions (7 wk) or matched control period. The study was approved by the University of Florida Health Science Center Institutional Review Board, and written informed consent was obtained from all participants.
Exclusion criteria. Exclusion criteria were insulin dependence for glycemic control; any major illness in the prior 3 mo; previous treatment with EECP; participation in moderate intensity exercise for 20 min, two or more times per week; history of deep vein thrombosis, phlebitis, stasis ulcer, and/or pulmonary embolism; aged less than 21 yr or greater than 75 yr; uncontrolled hypertension (defined as a systolic blood pressure of 180 mmHg or more and/or a diastolic blood pressure of 110 mmHg or more, measured as the average of at least two readings, obtained at different occasions); systemic hypotension; cardiac arrhythmia that would significantly interfere with the triggering of the EECP device; and acute coronary syndrome such as unstable angina or acute myocardial infarction.
EECP and control groups. Subjects in the EECP group (n ϭ 12) received 35 1-h daily sessions of EECP for seven consecutive weeks with target inflation pressures of 300 mmHg per cuff. Subjects in the control group (n ϭ 6) received continued medical care with no EECP intervention.
Body composition. Height and weight were measured using standard procedures. Whole body and regional adiposity were determined using dual-energy x-ray absorptiometry (Lunar, Madison, WI).
Peripheral FMD. The FMD technique was used to determine endothelial-dependent reactivity in the brachial and popliteal arteries. At study entry and within 24 -48 h after the final EECP therapy treatment or time-matched control, subjects fasted for at least 8 h and withheld all vasoactive medications for 10 -12 h. After lying quietly for 15 min, a 10.5-MHz linear phase array ultrasound transducer (ATL HDI 3000; Advanced Technologies) was used to image the right brachial artery longitudinally. Resting baseline end-diastolic brachial diameters and blood velocity were obtained with the transducer placed 3-5 cm above the anticubital fossa. After obtaining baseline diameter measures, reactive hyperemia was produced by inflating a blood pressure cuff placed on the upper forearm, 1-2 cm below the elbow, for 5 min at 200 mmHg. The transducer was manually held in the same position for the duration of cuff inflation. Immediately following cuff release, brachial artery blood flow velocity was measured for 20 s. Brachial artery diameter was then imaged and recorded for an additional 2 min. Ultrasound images were recorded directly to a digital storage device via video interface (Pinnacle, Avid Technology) for off-line electronic image analysis using automated FMD software (Vascular Research Tools; Medical Imaging Applications).
Brachial artery diameters were determined during end-diastole (gated with electrocardiogram R wave) by measuring the distance between the near and far wall of the intima. Brachial FMD was calculated in absolute (mm) and relative (FMD%) peak change in brachial artery diameter in response to the hyperemic stimulus. Brachial measurements were normalized to the mean shear rate calculated from the first 10 s following cuff release. With the use of artery diameter and mean velocity Doppler measurements, blood flow in the brachial artery was calculated using the following equation: blood flow (ml/min) ϭ mean velocity··(diameter/2) 2 ·60. Additionally, in the absence of blood viscosity, shear rate is measured by the following equation: shear rate (s Ϫ1 ) ϭ 4·mean blood velocity (cm/s)·diameter (cm Ϫ1 ). Popliteal artery FMD was performed at the popliteal fossa, 2 to 3 cm above the bifurcation, with subjects in the prone positions. The approximate FMD protocol described above for brachial FMD was also used for popliteal artery FMD.
Blood collection and biochemical assays. Venipuncture was performed before and after 35 sessions of EECP or time-matched control period. Measurement of the stable NO metabolites nitrite and nitrate (NOx) were used to estimate NO production. Subjects kept a diet diary and followed the National Institutes of Health low-nitrate diet guidelines a minimum of 48 h before each blood draw (30) . NOx and 6-keto-prostaglandin F 1␣ (6-keto-PGF1␣), the major metabolite of prostacyclin, were measured by commercial assays (Cayman, Ann Arbor, MI). Enzyme-linked immunosorbent assay kits were also used to measure plasma levels of endothelin-1 (ET-1) (Quantikine, Minneapolis, MN), 8-iso-prostaglandin F2␣ (8-iso-PGF2␣; Assay Designs, Ann Arbor, MI), vascular endothelial growth factor (VEGF; Quantikine), asymmetric dimethylarginine (ADMA) (Alpco, Salem, NH), and insulin (Alpco). Plasma glucose was measured using an automated glucose oxidase assay (YSI 2300 StatPlus; YSI, Yellow Springs, OH). The intra-assay coefficients of variation were 3.2% for NOx, 5.5% for 6-keto-PGF1␣, 3.4% for ET-1, 1.3% for 8-iso-PGF2␣, 6.7% for VEGF, 5.3% for ADMA, and 10.3% for insulin.
Glucose tolerance. Oral glucose tolerance tests (OGTT) were performed in all subjects at study entry and at 24 -48 h after 35 1-h sessions of EECP or time-matched control period. During the 3 days prior to each OGTT, subjects were instructed to consume a standardized diet, consisting of at least 200 g of carbohydrate per day, while abstaining from caffeine and alcohol. Subjects reported to the laboratory in the morning following an overnight fast and withheld vasoactive medications for 10 -12 h and glycemic control medications for at least 24 h. A catheter was placed in a vein in the anticubital space and, baseline blood samples were drawn at Ϫ10, Ϫ5, and 0 min to account for the pulsatile nature of insulin secretion. An average of the three baseline time points was used to determine fasting plasma insulin (FPI) and fasting plasma glucose (FPG) concentrations. Following ingestion of a glucose beverage (Fisherbrand Glucose Tolerance Test Beverage, 7.5 g glucose/fl oz., 10 oz. beverage, 75 g of glucose ingested), blood samples were taken at 30, 60, 90, and 120 min from the time the drink was finished. Subjects were instructed to drink the entire beverage as quickly as possible and in a time not to exceed 3 min.
Resting measures of FPG and FPI were also used to calculate the homeostatic model assessment of insulin resistance (HOMA-IR) as follows: [FPG (mg/dl)·FPI (IU/ml)]/405. Plasma glucose and insulin values at 0, 30, 60, 90, and 120 min of OGTT were used to calculate the whole body insulin sensitivity index (C-ISI) as follows:
Muscle processing. Skeletal muscle biopsies were obtained from all subjects before and 36 -48 h following 35 1-h sessions of EECP. Skeletal muscle tissue (ϳ150 mg) was extracted from the right vastus lateralis of each subject using a percutaneous needle under local subcutaneous anesthetic (1% lidocaine) using a modification of the Bergstrom technique (6, 14) . Connective tissue and adipose deposits were removed from the muscle biopsy samples, and two-thirds (ϳ100 mg) of the sample was immediately snap frozen in liquid nitrogen and stored at Ϫ80°C for quantitative protein analysis via Western blotting. The other one-third of the muscle biopsy sample (ϳ50 mg) was separated for cryosectioning. After ensuring alignment of muscle fibers at resting length, this portion was frozen in optimal cutting temperature (OCT) medium by liquid nitrogen-cooled isopentane and stored at Ϫ80°C until cryosectioning.
Western blotting. Frozen muscle samples were homogenized using procedures as reported by Sakamoto et al. (32) . Protein concentrations were measured using the DC Protein Assay Kit (Bio-Rad, 500 -0116). Aliquots of muscle homogenate (50 g) were separated in 4 -20% SDS-PAGE gels, transferred to nitrocellulose membranes, and stained with Ponceau S to verify transfer. Separate protein blots were probed for proteins of interest along with ␤-actin as a loading control. Blots were blocked with Odyssey blocking buffer (LI-COR Biosciences) before incubation with primary and secondary antibodies. The primary antibodies used were: goat anti-Akt 1/2 (N-19) (Santa Cruz Biotechnology; sc-1619), rabbit anti-phospho-AKT1/2/3 (Ser473) (Santa Cruz Biotechnology; sc-7985-R), mouse anti-AMPK␣ (Cell Signaling Technology; 2793), rabbit anti-phospho(Thr172)-AMPK␣2 (Millipore; 07-681), rabbit anti-TBC1D4 (Abcam; ab24469), rabbit anti-phospho (Thr642)-TBC1D4 (Novus Biologicals; NBP1-44074), goat anti-GLUT-4 (Santa Cruz Biotechnology; sc-1608), and rabbit anti-␤-actin (Abcam; ab8227). Incubations with the secondary antibodies IRDye 680CW donkey anit-goat, 680CW donkey anti-mouse, 800CW donkey anti-mouse, and 800CW donkey anti-rabbit (LI-COR Biosciences) were performed. Protein blots were scanned, and proteins of interest were detected using the Odyssey infrared imaging system (LI-COR Biotechnology, Lincoln, NE).
Muscle capillarization. Frozen sections of muscle biopsy tissue were cut (10 m) in a cryostat and fixed on poly-L-lysine-coated glass slides. Slides were fixed in Carnoy's fixative (60% ethyl alcohol, 30% chloroform, and 10% glacial acetic acid), and capillaries were identified using a periodic acid-Schiff stain after pretreatment with amylase, described by Andersen (1) . Images of the muscle sections were captured with an inverted microscope (Olympus America; Center Valley, PA). Stained sections were analyzed by magnifying and projecting numerous artifact-free sections of ϳ0.20 mm 2 areas onto a screen. Number of fibers and capillaries was determined on 166 Ϯ 13 fibers per biopsy. Areas were assessed by manual drawing of the perimeter using the National Institutes of Health's public software (Image J, NIH).
Statistical analysis. This study was designed as an open label, unbalanced, randomized study of EECP vs. standard of care for subjects with AGT. All data were tested for normal distribution using the Shapiro-Wilk test for normality. An alpha level of P Յ 0.05 was required for statistical significance. Satterthwaite corrected two sample t-tests of baseline subject characteristics were performed to determine differences between groups at baseline. A repeated-measures two-way analysis of variance was used to evaluate the continuous primary dependent variables associated with FMD, humoral markers, capillarity, fasting indexes of glycemic control, and dynamic measures of glucose tolerance. When a significant group-by-time interaction was observed, within-group paired t-tests were performed to analyze differences between time points. Furthermore, between-group comparisons at each time point were performed using a Satterthwaite corrected two sample t-test with Bonferroni correction for pairwise comparison. To achieve an overall family error rate of 5% for two between-group comparisons (EECP post vs. control baseline and post), ␣ was adjusted two comparisons, 0.05/2 ϭ 0.025. Western blot proteins of interest were analyzed using the Satterthwaite corrected two sample t-test of percent change from baseline as the dependent variable and study group (EECP vs. control) as the independent variable. Pearson correlations were performed to compare magnitude of change in variables with an alpha level of P Ͻ 0.05 for two-tailed analysis. All statistical analyses were performed using IBM SPSS Statistics 19 for Windows (Chicago, IL). All data are reported as mean Ϯ SE.
RESULTS
All subjects completed the entire EECP therapy protocol or time-matched control period without adverse events. Table 1 contains the subject descriptive characteristics and metabolic profile. There were no differences between the two groups at study entry with respect to age, body mass index (BMI), percent body fat, trunk-to-limb fat mass ratio, resting heart rate, blood pressure, FPG, FPI, HOMA-IR, plasma glucose 120 min after initiation of an OGTT (PPG 120 ), and the C-ISI. One of six subjects (17%) in the control group and four of twelve (33%) subjects in the EECP group had prediabetes. The remaining subjects had overt T2D. There was no significant difference between the groups in diabetic status at study entry (P ϭ 0.486). Table 2 contains the subject drug therapy regimens at study entry. There were no significant differences between groups with respect to pharmacologic therapies at study entry. No significant interactions with pharmacotherapy or diabetic status were observed with primary outcomes. Med- Data are presented as means Ϯ SE. HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; FPI, fasting plasma insulin; HOMA-IR, homeostatic model assessment-insulin resistance; PPG120, postprandial glucose at 120 min; C-ISI, composite insulin sensitivity index. There were no significant differences in descriptive characteristics or metabolic profile between enhanced external counterpulsation (EECP) and control groups at baseline. Significance was determined from post hoc within groups paired t-tests when a significant group-by-time interaction (P Ͻ 0.05) was observed from repeated measures ANOVA. *P Ͻ 0.05.
ications were not altered during the study period, and all subjects were informed to abstain from initiating any changes in physical activity and dietary habits, except as noted in the methods for measurements.
EECP decreased peripheral blood pressure. No changes were observed in resting heart rates between groups or within groups after 35 sessions of EECP therapy or 7 wk of matched control. Peripheral systolic blood pressure did not differ between groups at study entry. There was a significant decrease in peripheral systolic blood pressure following EECP therapy (Ϫ10.0 Ϯ 2.7 mmHg, P Ͻ 0.01), but no change in the control group (Ϫ0.3 Ϯ 3.3 mmHg, P ϭ 0.94). No changes were observed in peripheral diastolic blood pressure in either group (Ϫ1.0 Ϯ 1.1 and Ϫ0.3 Ϯ 1.7 mmHg, EECP and control, respectively). These changes in peripheral systolic blood pressure are similar those observed in CAD patients following EECP (5) .
EECP improved brachial and popliteal FMD. The results of flow-mediated dilation studies of the brachial and popliteal arteries following EECP or control are contained in Table 3 . At study entry, resting diameter and FMD did not differ between groups for the brachial and popliteal arteries. EECP therapy improved absolute brachial artery FMD, percent change in dilation, and FMD normalized to shear rate in the first 10 s after cuff release. EECP also improved popliteal FMD normalized during the first 10 s after cuff release; however, improvements in absolute popliteal artery FMD and percent change in dilation did not reach statistical significance. No changes in brachial or popliteal artery FMD occurred in the control group.
EECP increased plasma NOx and 6-keto-PGF 1␣ . Plasma levels of NOx, 6-keto-PGF 1␣ , and ET-1 did not differ between groups at study entry. EECP increased plasma NOx (Fig. 1A) and 6-keto-PGF 1␣ (Fig. 1B) . Furthermore, plasma concentrations of NOx following 7 wk of EECP therapy were significantly greater than the control group following matched control period (P Ͻ 0.025). No changes in plasma NOx and 6-keto-PGF 1␣ were observed in the control group. There was no significant change in plasma ET-1 (Fig. 1C) or the NOx/ET-1 ratio in either group.
EECP improved redox balance. At study entry, plasma levels of 8-iso-PGF 2␣ and ADMA did not differ between groups. Following EECP therapy, there was a significant decrease in plasma levels of 8-iso-PGF 2␣ , but no significant change in the control group (Fig. 2A) . There was also a significant decrease in plasma levels of ADMA in the EECP group following 35 sessions and no significant change in the control group (Fig. 2B) . Furthermore, plasma concentrations of ADMA following EECP were significantly less than the control group at the same time-point (P Ͻ 0.025).
EECP improved fasting markers of glycemic control. Baseline and post values for FPG, FPI, and the HOMA-IR are presented in Table 1 . There were no differences between groups at study entry. There was a significant decrease in FPG Data are expressed as the number of subjects per group and the percentage (in parentheses). CCB, calcium channel blocker; ACE, angiotensin converting enzyme; ARB, angiotensin receptor blocker. There were no significant differences (P Ͼ 0.05) between EECP and control groups in drug regimens. Data are expressed as means Ϯ SE. Mean blood velocity, blood flow, and shear rate were measured at baseline and during the first 10 s following cuff release; FMD, flow-mediated dilation expressed as absolute dilation (mm), relative dilation to baseline (%), and dilation normalized to mean hyperemic shear rate (s in the EECP group, but no significant change in the control group. FPI did not change in either the EECP or control group. The HOMA-IR was significantly decreased following EECP therapy but did not change significantly in the control group.
EECP improved dynamic indexes of oral glucose tolerance. PPG 120 and C-ISI at baseline and after EECP or control are presented in Table 1 . There was a significant decrease in PPG 120 in the EECP group following 35 sessions but did not change significantly in the control group. The C-ISI significantly increased following EECP therapy but did not change in the control group.
EECP increased markers of angiogenesis/vasculogenesis. At study entry, plasma levels of VEGF did not differ between groups. In addition, there was no difference between groups in baseline fiber cross-sectional surface area (FSA), capillary to fiber ratios (C/F), the number of capillaries per square millimeter of surface area (CD), and the ratio of the number of capillary contacts per fiber (CC/F). EECP therapy increased VEGF (9.74 Ϯ 1.59 to 17.04 Ϯ 2.65 pg/ml and 9.94 Ϯ 2.24 to 8.99 Ϯ 3.75 mg/dl in EECP vs. control, respectively; P Ͻ 0.05). Table 4 contains the results from immunostaining for capillary density in vastus lateralis skeletal muscle before and after EECP therapy or control. A representative photomicrograph can be seen in Fig. 3 . The C/F ratio and CD were significantly increased with EECP therapy. Furthermore, there was a trend for an increase in CC/F with EECP therapy, however, the groupϫtime effect did not reach statistical significance (P Ͻ 0.10). No changes were observed in C/F ratio, CD, and CC/F in the control group. No change was observed in FSA in either group.
Effects of EECP on protein expression in vastus lateralis skeletal muscle biopsy homogenate. To assess phosphorylation state of Akt, AMPK, and TBC1D4, phosphorylated protein is expressed relative to total protein as a ratio. All other protein expression was normalized to ␤-actin loading control. p-Akt 1/2/3 / total Akt1/2, p-AMPK ␣2 /total AMPK ␣ , and p-TBC1D4/total TBC1D4 did not change in either group (Fig. 4, A, B , and C, respectively). There was a significant increase in expression of GLUT-4 in the EECP group but no change in GLUT-4 expression in the control group (Fig. 4D) .
DISCUSSION
To our knowledge, this is the first study to evaluate the effects of EECP on arterial function, fasting glucose and Fig. 2 . Data are absolute values before (BASELINE) and after (POST) EECP or 7 wk of control. When significant interactions were determined by repeatedmeasures ANOVA, within-group differences were determined by paired ttests. Between groups comparisons were evaluated using a Satterthwaite correct t-test with Bonferonni correction for multiple comparisons. A: plasma concentrations of 8-iso-prostaglandin-F2␣ (8-iso-PGF2␣; pg/ml); B: plasma concentrations of asymmetric dimethylarginine (ADMA; mol/l). *P Ͻ 0.05 vs. BASELINE within groups; #P Ͻ 0.025 vs. control group at same time point. Data are expressed as means Ϯ SE. Fig. 1 . Data are absolute values before (BASELINE) and after (POST) enhanced external counterpulsation (EECP) or 7 wk of control. When significant interactions were determined by repeated-measures ANOVA, withingroup differences were determined by paired t-tests. Between groups comparisons were evaluated using a Satterthwaite correct t-test with Bonferonni correction for multiple comparisons. A: plasma concentrations of nitrite/nitrate (NOx; mol/l); B: plasma concentrations of 6-keto-prostaglandin F1␣ (6-ketoinsulin concentrations, glucose tolerance, capillary density, and skeletal muscle protein expression in subjects with AGT. The main findings of this study are that, in subjects with AGT, EECP treatment: 1) elicits similar changes in arterial function to those observed in coronary artery disease patients; 2) improves fasting glucose and insulin concentrations; 3) improves glucose tolerance; and 4) increases capillary density and GLUT-4 protein expression in compressed skeletal muscle.
Arterial function and NO bioavailability. The distal occlusion method of assessing arterial FMD, as used in the present study, has been shown to be a valid and reliable surrogate of nitric oxide-mediated endothelial function (13) . After 35 sessions of EECP treatment in subjects with AGT we observed significant improvements in brachial (27%) and popliteal (52%) artery FMD normalized to reactive hyperemic shear rate.
The mechanism responsible for the observed changes in peripheral artery FMD is likely shear stress induced by the increases in blood flow during cuff compressions. In a porcine EECP model, brachial artery blood flow velocity was shown to increase by 132% and brachial artery wall shear stress increased by Ͼ200% during lower body compression of pneumatic EECP cuffs (40) . Our lab has also demonstrated that during EECP in humans, antegrade endothelial shear stress in the brachial artery was increased by 75% and retrograde endothelial shear stress in the popliteal artery was increased by 402% (15) . Moreover, systolic hyperemia is likely to occur in the legs with each cuff deflation. Therefore, the robust changes in arterial blood flow and shear stress during EECP therapy may mediate changes in FMD response attributable to an increase in NO bioavailability. Indeed, the present study demonstrated that EECP resulted in a 30% increase in plasma NOx levels. Importantly, this effect has been show to persist for at least 1 mo following the culmination of 35 sessions of EECP (24) .
Oxidative stress modulates NO bioavailability and has been implicated in the development and progression of diabetes (9) . Increased production of free radicals and/or impaired antioxidant defenses diminishes NO and inhibits its action (23). 8-iso-PGF 2␣ is suggested to be the most valid marker to assess oxidative stress in human plasma (27) and is highly correlated with glycemic control (11) . The present study demonstrated that EECP resulted in a 23% decrease in 8-iso-PGF 2␣ after EECP treatment in subjects with AGT. This reduction is similar to that observed in CAD patients following EECP therapy(5) and potentiates greater NO bioavailability and/or glucose uptake signaling. Additionally, oxidative stress appears to be a key modulator of ADMA levels. Evidence suggests that ADMA is associated with endothelial dysfunction in a number of disorders, including AGT (35) . In the present study, we are the first to demonstrate a decrease in circulating ADMA levels following EECP treatment in patients with AGT. Dimethylargininase (DDAH) activity, the major eliminator of ADMA, is also redox and shear stress sensitive (34) . Although DDAH was not measured in the present study, our compelling 8-iso-PGF 2␣ data suggest that oxidation of DDAH may have been diminished. Second, EECP-induced shear stress could upregulate DDAH. Osani et al. (29) showed that human endothelial cells in vitro demonstrated an increase in DDAH activity at shear stress levels of Ն25 dynes/cm 2 . It is plausible that DDAH activity is increased with the magnitude of shear stress invoked with EECP (ϳ175% of baseline, 29 vs. 16 dynes/cm 2 in human brachial artery during a bout of EECP) (15) .
Glycemic control and glucose tolerance. To the best of our knowledge, this is the first study to evaluate the changes in fasting glucose and insulin concentrations after EECP treatment. Following 35 sessions of EECP, subjects with AGT demonstrated marked improvements in fasting indexes of glycemic control. Fasting plasma glucose (FPG) values were decreased nearly 17 mg/dl following EECP. This 13.3% decline in FPG is similar to that observed with resistance training intervention in older men with T2D (7) and aerobic exercise Data are expressed as means Ϯ SE. FSA,skeletal muscle fiber cross-sectional area; C/F, skeletal muscle capillary to fiber ratio; CD, capillaries per square millimeter of skeletal muscle (capillary density); CC/F, capillary contacts per fiber. *P Ͻ 0.05 within-EECP group; †P Ͻ 0.10 for repeated-measures ANOVA group*time interaction. training older subjects with non-insulin dependent T2D and impaired glucose tolerance (37) . Importantly, these changes occurred in the absence of any lifestyle modification. Moreover, subjects' weight, BMI, body fat percentage, and measures of central adiposity did not change during EECP treatment. Of particular significance, data from the Framingham Heart Study has demonstrated that for every 10 mg/dl increase in FPG there is an 18% increase in all-cause mortality (26) . Further evidence for improved glycemic control following EECP in subjects with AGT is demonstrated by the 31% decline in HOMA-IR values, a marker of insulin sensitivity that correlates well with glucose disposal rates derived from hyperinsulinemic euglycemic clamp (HEC) (4). Stronger surrogates of insulin sensitivity and glucose tolerance can be derived from the multiple sampling of plasma insulin and glucose during an OGTT. For the present study, the C-ISI developed by Matsuda et al.(25) was chosen because of high correlation with the HEC (r ϭ 0.73) and validity in a wide variety of subjects with AGT (28) . We observed a 21% improvement in the C-ISI after EECP treatment, and, given the strong correlation with the HEC, these results suggest improvements in glucose tolerance and insulin sensitivity. Furthermore, we observed a 28 mg/dl decrease in plasma glucose 120 min following the ingestion of a 75-g sugar water beverage (PPG 120 ) in the EECP group. PPG 120 is routinely used by physicians to screen for T2D or IGT. In this context, the EECP group, on average, moved from a response that was consistent with T2D to that observed in prediabetes. However, more robust declines in PPG 120 have been reported following exercise interventions (19, 31) .
Angiogeneisis/vasculogenesis and EECP. VEGF is a potent mediator of both angiogenesis and vasculogenesis that is released in response to shear stress and hypoxia. Compression of the EECP cuffs creates several thousand brief, intermittent bouts of shear stress and hypoxia. For example, in a patient with a heart rate of 60 beats/min there are ϳ3,600 cycles of compression and relaxation, inducing systolic reactive hyperemia in the legs. In the present study, serum levels of VEGF were elevated to 175% of baseline levels after EECP, suggesting a role for angiogenesis/ vasculogenesis in the adaptive mechanism. Indeed, we observed significant improvements in capillary density and the capillary to fiber ratio in biopsy sections of the vastus lateralis following 35 sessions of EECP. Although not statistically significant, there was also a trend (P Ͻ 0.10) for an increase in the number of capillary contacts per muscle fiber following EECP therapy. Increases in capillarity may be of important physiological relevance as decreases in glucose tolerance are associated with decreases in capillarity density (33) . In the present study, change in capillary density was significantly correlated with change in C-ISI values (P ϭ 0.012) and there was a trend for correlation with change in HOMA-IR values (P ϭ 0.078). The observed improvements in capillarity following EECP may improve delivery of insulin and glucose for uptake in nutritive tissues.
Potential mechanisms for improvement in fasting glycemic control and dynamic indexes of glucose tolerance: evidence for the nitric oxide pathway? Given the increasing evidence that NO is an important contributor to glucose homeostasis in AGT, EECP-mediated improvements in NO bioavailability may contribute to the observed improvements in glucose handling. Fig. 4 . Western blot analysis of skeletal muscle protein expression and phosphorylation state. Data are presented as percent change from BASELINE within group after 35 sessions of EECP or 7 wk of control (CTL). Akt, AMPK, and TBC1D4 phosphorylation states were determined by the relative optical density of phosphorylated protein to total protein. GLUT-4 expression was determined by a ratio of the optical density of GLUT-4 to ␤-actin. Significant differences between groups were determined using a Satterthwaite corrected ttest. A: p-Akt1/2/3/total Akt1/2; B: p-AMPK␣2/ total AMPK␣; C: p-TBC1D4/total TBC1D4; D: GLUT-4/␤-actin. *P Ͻ 0.05 vs. control group. Data are expressed as means Ϯ SE.
Indeed, in the present study, we observed significant improvements in plasma NOx concentrations with concurrent decreases in humoral markers of oxidative stress (8-iso-PGF 2␣ ) and competitive inhibition of NOS (ADMA). Change in ADMA concentration was significantly correlated with change in HOMA-IR and C-ISI values (P ϭ 0.018 and 0.024, respectively) Furthermore, change in 8-iso-PGF 2␣ concentration was significantly correlated with change in HOMA-IR values (P ϭ 0.023), which may provide evidence for NO-mediated glucose handling. Although we hypothesized that NO-mediated glucose uptake may be realized through alterations in skeletal muscle AMPK signaling, several other mechanisms exist by which NO may mediate glucose uptake. Similar to exercise, repetitive bouts of EECP-induced shear stress in the vasculature may improve insulin-mediated NO production and endothelium dependent dilation in the resistance arteries. Although not measured in the present study, increasing the delivery of substrates to the muscle microvasculature may facilitate transfer to the interstitial space and enhance metabolic action (38) . In skeletal muscle, improvements in NO bioavailability may stimulate glucose uptake through a cGMP-dependent pathway that may involve cyclic GMP-dependent kinase/protein kinase G (PKG) activation (39) . NO can also directly activate G protein ␣-subunits, specifically the proto-oncogene p21ras for glucose transport, which increases glucose uptake through nuclear factor B (NFB) signaling (21) .
It is important to note that although we did not observe any changes in the Akt, AMPK, and TBC1D4 skeletal muscle cell signaling pathways, we were only able to evaluate one time point. In the present study, muscle biopsies were performed at ϳ48 h following the last session of EECP therapy in an effort to capture a chronic effect of 35 sessions of EECP therapy in subjects with AGT. Transient changes in signaling pathways could occur acutely with each bout of EECP, similar to the effects observed with a bout of exercise. Therefore, it is possible that we were able to capture increases in total protein content but not necessarily the signal(s) responsible. For example, increased NO bioavailability potentiates NO-mediated and AMPK-dependent increases in peroxisome proliferator-activated receptor-␥ coactivator 1␣ (PGC-1␣) transcription and ultimately GLUT-4 protein expression. Furthermore, p38MAPK activity, which can also be increased through AMPK and NO-dependent signaling, can increase PGC-1␣ transcription through interaction with the MEF-2, CREB, and ATF-2 transcription factors. Although we did not examine p38 MAPK activity or PGC-1␣ expression, we did observe a 47% increase in GLUT-4 protein expression following 35 sessions of EECP in subjects with AGT. However, change in GLUT-4 protein expression only demonstrated a trend for correlation with change in C-ISI values (P ϭ 0.061).
Limitations. First, the present study may have been strengthened by the inclusion of a sham intervention to definitively discount a placebo effect. The authors considered using very low cuff inflation pressures as a sham control. However, the effects of sham EECP on skeletal muscle protein expression, a focus of the present study, are largely unknown. Moreover, only objective measurements were employed in the present study, making it unlikely that placebo had a significant impact on the outcomes reported. Second, the study population of the present study was comprised of individuals who had prediabetes (28%) and overt T2D (72%). However, the distribution of pharmacotherapy and prevalence of T2D was similar between the EECP and control groups. Third, although one can speculate on global changes in capillarity and/or protein expression in skeletal muscle, only a site under direct compression was analyzed. Additionally, variation attributable to the fiber type distribution among the samples analyzed could present an additional source of variation, and, in the present study, capillarity was not normalized to fiber type. Despite these limitations, efforts were made to achieve the least heterogeneity among samples as biopsy sections were taken within 1-2 cm of the baseline site and at the same recorded depth for each procedure. Furthermore, an average of 166 Ϯ 13 fibers were analyzed per biopsy sample through the selection of tissue sections possessing little artifact. Finally, NOx is influenced by exogenous sources and is only a gross index of NO formation in vivo. However, all subjects in the present study strictly followed the NIH low nitrate diet guidelines for 48 h prior to their lab visits, so we are confident that plasma NOx levels were influenced minimally.
Conclusions. AGT is associated with several perturbations in normal human physiology, including, but not limited to, endothelial dysfunction, oxidative stress, depressed nitric oxide bioavailability, and progressive declines in capillary density (20, 33) . In the present study, we observed significant improvements in fasting glucose and insulin concentrations and significant improvements in glucose tolerance and surrogates of insulin sensitivity. We also observed improvements in measures of arterial function, nitric oxide bioavailability, and capillary density with concurrent decreases in measures of lipid peroxidation and competitive inhibition of NOS. These improvements likely mediate greater delivery of substrates to nutritive tissues (i.e., skeletal muscle) during glycemic challenge. In addition, EECP therapy was associated with increases in skeletal muscle GLUT-4 protein expression, indicating that alteration of skeletal muscle gene expression in compressed tissue may play a role in the adaptive mechanisms observed. This study provides novel evidence for the improvement of vascular function and glycemic control in subjects with AGT following EECP therapy. The multi-factorial nature of AGT makes it likely that more than one of the observed adaptations to EECP therapy contribute to improvements in fasting glucose and insulin concentrations and glucose tolerance. Future studies should be conducted with serial skeletal muscle biopsies during a HEC to accurately describe cellular signaling associated with glucose uptake. Furthermore, the acute effect of EECP and the impact on gene expression profiles and cellular signaling in the skeletal muscle and vasculature should be characterized.
